Abstract: Picolinic acid (PA), a C2-carboxylated pyridine derivative, is a significant intermediate used in industrial production. PA is considered hazardous for the environment and human health. In this study, a Gram-positive bacterium, Rhodococcus sp. PA18, which aerobically utilizes PA as a source of carbon and energy, was isolated. The strain completely degraded 100 mg/L PA within 24 h after induction and formed 6-hydroxypicolinic acid (6HPA), a major PA metabolite, which was identified using ultraviolet-visible spectroscopy, high performance liquid chromatography, and liquid chromatography/time of flight-mass spectrometry analyses. The cell-free extracts converted the PA into 6HPA when phenazine methosulfate was used as an electron acceptor. To our knowledge, this is the first report showing that PA can be metabolized by Rhodococcus. In conclusion, Rhodococcus sp. PA18 may be potentially used for the bioremediation of environments polluted with PA.
Introduction
Picolinic acid (PA), a pyridine derivative [1] , has emerged as an important intermediate from the industrial syntheses of agricultural chemicals, drugs, dyestuffs, dyes, textiles, and mining [1] [2] [3] [4] . It is also a dead-end product of L-tryptophan biosynthesis in living organisms [5] [6] [7] . In many common biological processes, PA is produced from the biodegradation of nitrobenzene, catechol, and anthranilic acid [8, 9] . Owing to its hydrophilic nature (water solubility of 887 g/L at 20 • C), PA is easily transported to the aquatic environment and to soil [1, 10] . Reports show that the pyridine concentration in wastewaters ranges from 20 to 300 mg/L [4] . Nevertheless, the toxicity or disadvantages of the use of PA have also been found. Owing to their relationship with environmental health, the removal of PA from contaminated ecosystems is considered essential for controlling environmental damage. Both physical and chemical methods are too expensive and ineffective in waste disposal management. Biological methods are efficient and cost effective, and hence, play an important role in the clean-up of toxic and hazardous wastes in the contaminated environment. Studies show that PA can be degraded efficiently by microorganisms, and many PA-utilizing bacterial strains, such as Achromobacter sp. JS18 [11] , Alcaligenes faecalis JQ135 [12] , Arthrobacter picolinophilus DSM 20665 [13] , Burkholderia sp. ZD1 [3] , and Streptomyces sp. Z2 [14] , have been isolated and characterized.
An oxidative attack on the N-heterocyclic aromatic ring of PA is the main step initiating its bacterial degradation [1, 3] . However, all of the above strains are Gram-negative bacteria, and whether Gram-positive bacteria can also degrade PA is not known. In this study, a Gram-positive PA-assimilating strain, Rhodococcus sp. PA18, was isolated, identified, and characterized. The aerobic degradation of PA by strain PA18 and the formation of 6-hydroxypicolinic acid (6HPA), the initial product formed after the oxidative attack on the N-heterocyclic aromatic ring, have been discussed.
To the best of our knowledge, this is the first report on the degradation of PA by a Gram-positive bacterium, Rhodococcus sp. PA18. This may be developed as a potentially low cost and environmentally-friendly approach to restore the environments contaminated by PA.
Materials and Methods

Chemicals and Media
PA and 6HPA were acquired from J&K Scientific Ltd. (Shanghai, China). Phenazine methosulfate (PMS), methylene blue (MB), and 2,6-dichloroindophenol (DCIP) were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). All of the other chemicals and solvents used in this study were available commercially.
The Luria Bertani (LB) medium contained (per liter) tryptone (10.0 g), yeast extract (5.0 g), and NaCl (10.0 g). The mineral salts medium (MSM) contained (per liter) (NH 4 ) 2 SO 4 (1.0 g), NaCl (1.0 g), K 2 HPO 4 (1.5 g), KH 2 PO 4 (0.5 g), MgSO 4 2 O). The media were adjusted to pH 7.0 using HCl or NaOH, and were autoclaved at 121 • C for 30 min. For the solid media, 1.5% agar (w/v) was added.
Isolation and Identification of PA-Degrading Bacteria
Soil samples were collected from a farmland in Nanjing City, China. The enrichment culture was initiated with 5.0 g of soil samples in 100 mL MSM, containing 500 mg/L PA as the sole carbon source. It was incubated under aerobic conditions in a rotary shaker at 30 • C and 150 rpm for one week, and then 5% (v/v) of the culture was transferred to fresh MSM containing PA. The process was repeated four times. The culture was diluted and spread on MSM agar plates containing PA (500 mg/L). The colonies were tested for their PA degradation capability. A strain named PA18, which showed a high PA degrading efficiency, was selected for further studies. The morphological and physiological characteristics of PA18 were characterized, and its 16S rDNA sequence was analyzed according to the method described by Nie et al. [15] .
Biodegradation of PA by a Rhodococcus Strain
The strain Rhodococcus sp. PA18 was cultured in 100 mL of liquid LB medium for 24 h, until the late log phase. The cells were harvested via centrifugation at 5000 rpm for 10 min, washed twice with fresh MSM, and then transferred into MSM containing 100 mg/L PA. After seven days, the Rhodococcus cells were harvested, washed twice with fresh MSM, and then resuspended in fresh MSM. The optical density of the cells at 600 nm (OD6 00 ) was adjusted to 2.0. These PA-pre-cultured cells were used for further biodegradation assays. The ability of PA18 to degrade and utilize PA was assessed in 250 mL-conical flasks, with 100 mL of MSM supplemented with a constant initial concentration of PA (100 mg/L), and the cells were incubated in a rotary shaker at 30 • C and 150 rpm. The experiment was repeated in triplicate and the control experiment was set up as above, but without the inoculation of the bacteria. The samples were collected periodically from the cultures. The growth was monitored by measuring the OD6 00 , and the residual PA concentration was measured using HPLC, as described below.
Effects of Different Factors on PA Biodegradation
In order to determine the optimal conditions for PA biodegradation, different inoculum sizes and initial PA concentrations were tested. Inoculum sizes of 0.005, 0.200, 0.500, and 1.000 at OD 600 were used when the initial PA concentration was 100 mg/L. Conversely, the initial concentration of PA varied from 50, 100, 200, 300, 400, to 500 mg/L when the inoculum size was maintained at 0.005 at OD 600 . All of the above experiments were conducted in 250 mL flasks containing 100 mL MSM in a rotary shaker at 30 • C and 150 rpm. Each experiment was conducted in triplicate, and the residual PA concentration was measured by HPLC, as described below.
Identification of Metabolites during PA Degradation
To identify the metabolites during PA degradation, the strain PA18 was inoculated in a MSM medium with PA (100 mg/L), and was incubated at 30 • C and 150 rpm. The samples were collected at appropriate intervals for further analysis using UV-VIS spectroscopy, high performance liquid chromatography (HPLC), and liquid chromatography/time of flight-mass spectrometry (LC/TOF-MS).
Cell-Free Extract Activity Assays
The PA-pre-cultured PA18 cells were grown to the mid-log phase in MSM with 100 mg/L PA. After centrifugation (4 • C, 12,000 rpm, 10 min), the harvested cells were resuspended in a 50 mM phosphate buffer (pH 7.0). The cell-free extract was prepared by sonication in an ice-water bath for 30 min (1 s with 2 s intervals). After sonication, the supernatant liquid was separated from the cell debris by centrifugation at 12,000 rpm for 30 min. The supernatant was collected for enzyme assays. The protein concentrations were measured using the Bradford method [16, 17] . The picolinic acid hydroxylase activity of the cell-free extract was determined by measuring the increase in the absorbance of the reaction mixture at 310 nm, the absorption maximum of the product 6HPA (ε = 4.45 cm −1 mM −1 ). The reaction mixture contained 0.1 mM PA and a 0.1 mM electron acceptor in 500 µL of cell extract. The reaction was started by the addition of PA. To evaluate the molar ratio among PA, 6HPA, and PMS, the PMS was maintained at 0.1 mM, while the concentration of PA was varied from 0.00 mM to 0.50 mM. One unit of activity was defined as the amount of enzyme that catalyzed the formation of 1 µmol 6HPA in 1 min. Specific activity refers to the number of units of the enzyme present per milligram protein. The kinetic data were evaluated using nonlinear regression analysis with the Michaelis-Menten equation. All of the data were collected from three independent determinations.
Analytical Methods
The cell density was estimated spectrophotometrically by detecting the absorbance at 600 nm using an UV-VIS spectrophotometer (Shimadzu, UV-2450, Kyoto, Japan). The concentration of PA and its catabolic intermediates in the supernatants was primarily monitored using an UV-VIS spectrophotometer (Shimadzu, UV-2450, Kyoto, Japan). The spectral data were collected from 400 nm to 200 nm. PA and 6HPA were identified using an HPLC analysis on a Shimadzu AD20 system equipped with a C 18 reverse phase column (250 × 4.60 mm, 5 µm; Agilent Technologies, Santa Clara, CA, USA). The concentrations of the compounds were calculated using standard samples. The detection wavelength was set at 260 and 310 nm. The mobile phase was a mixture of methanol-water (10:90, vol/vol) with 0.2% formic acid, and the flow rate was 0.7 mL/min. The column temperature was 30 • C. The LC/TOF-MS analysis was performed in a TripleTOF 5600 (AB SCIEX) mass spectrometer [18] , and the conditions were identical to that used for HPLC.
Results
Isolation and Identification of the PA-Degrading Strains
Several strains demonstrated a PA utilization from the enriched soil solution after four weeks. Among these strains, one bacterium, designated as PA18, showed a high PA-degrading efficiency. The strain grew in the presence of 6.5% (w/v) NaCl, and the D-Xylose, cellobiose, lactose, and D-mannitol could be used as the sole source of the carbon and energy. A phylogenetic tree was constructed based on a BLAST analysis of its 16S rDNA sequence (GenBank accession number: MH Appl. Sci. 2019, 9, 1006 4 of 10 681664). The strain PA18 showed a 99%-100.0% sequence similarity to R. erythropolis NBRC 15567 T (BCRM01000055), R. degradans CCM 4446 T (JQ776649), and R. qingshengii JCM 15477 T (LRRJ01000016), and formed a subclade with R. erythropolis NBRC 15567 T ( Figure 1 ). Thus, it was identified as a member of Rhodococcus sp. The genus Rhodococcus is considered one of the most promising groups of organisms suitable for the biodegradation of compounds that cannot be easily transformed by other organisms [19] . Members of the genus Rhodococcus exist as abundant indigenous bacterial communities in localities contaminated with various aromatic pollutants [20, 21] , indicating that Rhodococcus spp. may play an important role in bioremediation. Numerous Rhodococcus have been isolated, for example, R. pyridinivorans PDB9 and Rhodococcus spp. have been reported to degrade pyridine [22, 23] , Rhodococcus sp. Y22 and R. rhodochrous J1 degrade nicotine or nicotinic acid [24, 25] , and Rhodococcus sp. B1 degrades quinoline or related-compounds [26] . However, no Rhodococcus species has been shown to degrade PA to date. This study provided new insights regarding PA catabolism and biodegradation by the Rhodococcus species, which may be used for the bioremediation of polluted environments.
Several strains demonstrated a PA utilization from the enriched soil solution after four weeks. Among these strains, one bacterium, designated as PA18, showed a high PA-degrading efficiency. The strain grew in the presence of 6.5% (w/v) NaCl, and the D-Xylose, cellobiose, lactose, and D-mannitol could be used as the sole source of the carbon and energy. A phylogenetic tree was constructed based on a BLAST analysis of its 16S rDNA sequence (GenBank accession number: MH 681664). The strain PA18 showed a 99%-100.0% sequence similarity to R. erythropolis NBRC 15567 T (BCRM01000055), R. degradans CCM 4446 T (JQ776649), and R. qingshengii JCM 15477 T (LRRJ01000016), and formed a subclade with R. erythropolis NBRC 15567 T (Figure 1 ). Thus, it was identified as a member of Rhodococcus sp. The genus Rhodococcus is considered one of the most promising groups of organisms suitable for the biodegradation of compounds that cannot be easily transformed by other organisms [19] . Members of the genus Rhodococcus exist as abundant indigenous bacterial communities in localities contaminated with various aromatic pollutants [20, 21] , indicating that Rhodococcus spp. may play an important role in bioremediation. Numerous Rhodococcus have been isolated, for example, R. pyridinivorans PDB9 and Rhodococcus spp. have been reported to degrade pyridine [22, 23] , Rhodococcus sp. Y22 and R. rhodochrous J1 degrade nicotine or nicotinic acid [24, 25] , and Rhodococcus sp. B1 degrades quinoline or related-compounds [26] . However, no Rhodococcus species has been shown to degrade PA to date. This study provided new insights regarding PA catabolism and biodegradation by the Rhodococcus species, which may be used for the bioremediation of polluted environments. Neighbor-joining phylogenetic tree shows the position of strain picolinic acid 18 (PA18) among some members of the genus Rhodococcus, based on the 16S rDNA sequences.
Growth of Strain PA18 and PA Biodegradation
The relationship between the growth of strain PA18 and PA degradation in MSM is indicated by Figure 2 . The concentration of PA remained unchanged in the control samples, which did not contain strain PA18. This confirmed that abiotic losses, such as the volatilization and adsorption of PA, were negligible in this study. PA18 degraded 100 mg/L PA at a relatively higher rate within the first 24 h (Figure 2A ). The degradation rate decreased substantially from 24 to 28 h, possibly as a result of a lack of substrate, with complete degradation within 28 h. Furthermore, the PA degradation was associated with a concomitant increase in the bacterial cell density. The OD600 value reached 0.31 within 16 h. Interestingly, after a four-day lag phase, the strain PA18 cultured in a LB medium also showed a high-efficiency degradation of PA ( Figure 2B ). In contrast, the negative control with no inoculated PA18 showed no discernable degradation of PA over the same 120 h. At the same time, the cells grew rapidly with the degradation of PA. Neighbor-joining phylogenetic tree shows the position of strain picolinic acid 18 (PA18) among some members of the genus Rhodococcus, based on the 16S rDNA sequences.
The relationship between the growth of strain PA18 and PA degradation in MSM is indicated by Figure 2 . The concentration of PA remained unchanged in the control samples, which did not contain strain PA18. This confirmed that abiotic losses, such as the volatilization and adsorption of PA, were negligible in this study. PA18 degraded 100 mg/L PA at a relatively higher rate within the first 24 h (Figure 2A) . The degradation rate decreased substantially from 24 to 28 h, possibly as a result of a lack of substrate, with complete degradation within 28 h. Furthermore, the PA degradation was associated with a concomitant increase in the bacterial cell density. The OD 600 value reached 0.31 within 16 h. Interestingly, after a four-day lag phase, the strain PA18 cultured in a LB medium also showed a high-efficiency degradation of PA ( Figure 2B ). In contrast, the negative control with no inoculated PA18 showed no discernable degradation of PA over the same 120 h. At the same time, the cells grew rapidly with the degradation of PA. Appl. Sci. 2019, 9, x FOR PEER REVIEW 5 of 10 
Effects of Initial PA Concentration and Inoculum of the Strain on PA Biodegradation
To investigate the effect of the environmental factors on PA biodegradation, the effects of the initial PA concentration and the inoculum of the strain on the PA degradation rate were investigated. As shown in Figure 3A , the PA degradation efficiencies were 10.4%, 28.6%, 68.0%, and 95.9% after 6-h of incubation, from a starting OD600 of 0.05%, 0.20%, 0.50%, and 1.00%, respectively, when the initial PA concentration was 100 mg/L at 30°C, pH 7.0. Furthermore, as shown in Figure  3B , when the initial concentration of PA was increased from 50 mg/L to 300 mg/L, the time required for complete PA removal increased from 18 to 48 h, which increased to 84 h when the initial concentration of PA was increased to 400 mg/L. However, the PA could not be degraded when the concentration was 500 mg/L. One possible reason was that the excessive concentration of PA was toxic for the strain. The delay period was extended as the initial PA concentration increased. Compared with other PA-degrading strains previously reported, such as, Achromobacter sp. JS18 [11] , Alcaligenes faecalis JQ135 [12] , Arthrobacter picolinophilus DSM 20665 [13] , Burkholderia sp. ZD1 [3] , and Streptomyces sp. Z2 [14] , strain PA18 possessed a very high degradation efficiency. 
Identification of PA Metabolites
PA degradation by PA18 was analyzed preliminarily using ultraviolet-visible spectroscopy (UV-VIS). In addition to the parent compound, PA (maximum at 260 nm), one major metabolite was detected with an increase in the absorption at 310 nm ( Figure 4A ). The intermediate product was collected and subjected to high performance liquid chromatography (HPLC). The peak 
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PA degradation by PA18 was analyzed preliminarily using ultraviolet-visible spectroscopy (UV-VIS). In addition to the parent compound, PA (maximum at 260 nm), one major metabolite was detected with an increase in the absorption at 310 nm ( Figure 4A ). The intermediate product was detected. An increment of 16 in the molecular weight indicated that an oxygen atom was added to the PA, which was consistent with the molecular weight of the predicted metabolite 6HPA (C6H5NO3, m/z 140.0303) ( Figure 5) . Therefore, the PA was possibly hydroxylated by PA18, which was consistent with the results of the previous reports on PA degradation by Burkholderia sp. ZD1 [3] and Alcaligenes faecalis JQ135 [12] . A standard sample of 6HPA was also analyzed using HPLC under the same conditions, and its retention time was identical to that of the unknown peak mentioned above. Therefore, the intermediate metabolite was identified as 6HPA. Throughout the degradation process, no other intermediates were detected. Figure 5 ). In addition, another molecular ion of m/z 140.0346 [M + H] + was detected. An increment of 16 in the molecular weight indicated that an oxygen atom was added to the PA, which was consistent with the molecular weight of the predicted metabolite 6HPA (C 6 H 5 NO 3 , m/z 140.0303) ( Figure 5) . Therefore, the PA was possibly hydroxylated by PA18, which was consistent with the results of the previous reports on PA degradation by Burkholderia sp. ZD1 [3] and Alcaligenes faecalis JQ135 [12] . A standard sample of 6HPA was also analyzed using HPLC under the same conditions, and its retention time was identical to that of the unknown peak mentioned above. Therefore, the intermediate metabolite was identified as 6HPA. Throughout the degradation process, no other intermediates were detected.
Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 10 corresponding to PA was detected at a retention time of 4.1 min, and an unknown peak appeared at 8.3 min ( Figure 4B ). detected. An increment of 16 in the molecular weight indicated that an oxygen atom was added to the PA, which was consistent with the molecular weight of the predicted metabolite 6HPA (C6H5NO3, m/z 140.0303) ( Figure 5 ). Therefore, the PA was possibly hydroxylated by PA18, which was consistent with the results of the previous reports on PA degradation by Burkholderia sp. ZD1 [3] and Alcaligenes faecalis JQ135 [12] . A standard sample of 6HPA was also analyzed using HPLC under the same conditions, and its retention time was identical to that of the unknown peak mentioned above. Therefore, the intermediate metabolite was identified as 6HPA. Throughout the degradation process, no other intermediates were detected. Usually, the first step in the microbial degradation of the aromatic ring or heterocyclic aromatic compounds is the introduction of a hydroxyl group, and these dehydroxylated substrates can be subsequently decarboxylated [27] . Finally, it can be easily cleaved by dioxygenase or mooxygenase via either an ortho-cleavage pathway or a meta-cleavage pathway, leading to the formation of tricarboxylic acid cycle intermediates [28, 29] . The first step, hydroxylation of pyridine or its derivatives, is the key step in biodegradation. Several studies have already shown that pyridine [30] , PA [12, 31] , nicotine [32] , and quinolone [33] are hydroxylated at the carbon adjacent to the heteroatom. Pyridine derivatives possessing hydroxyl groups can be used as important starting materials for the synthesis of agrochemicals and pharmaceuticals [34, 35] . Future research will be focused on cloning the gene encoding hydroxylase, as well as further study of the enzymatic characteristics.
Activity of the Enzyme in the Cell Extract
As shown in Figure 6A , a new absorption peak at 310 nm appeared, the intensity of which increased significantly, when PMS acted as an electron acceptor. This corresponded to the absorption maximum of the product 6HPA. However, no 6HPA was produced without the electron acceptor or when the electron acceptor was MB or DCIP (data not shown). These results indicate that the cell extract was able to convert PA into 6HPA, with PMS as the electron acceptor. The Km of the crude enzyme for PA at pH 7.0 and 30 • C was 68.86 ± 14.85 µM, and the specific activity was 154.17 U/mg. To verify the quantitative relationship between the PA and PMS, the amount of PA was changed continuously from 0.0 to 0.5 mM, whereas that of PMS was maintained at a constant of 0.1 mM, as shown in Figure 6B . The amount of product 6HPA increased with the concentration of PA, and the PA:6HPA ratio was 1:1. Subsequently, the amount of 6HPA formed did not change, even when the substrate (PA) concentration was increased, indicating that the optimal molar ratio of PA:PMS was 1:1. The hydroxylases of aromatic or N-heterocyclic aromatic compounds that incorporate oxygen into the product are Rieske non-heme iron aromatic ring-hydroxylating oxygenase or cytochrome P450s [29, 36] . In strain Pseudomonas putida KT2440, the nicotinic acid can be converted to 6-hydroxynicotinic acid by a two-component hydroxylase (NicAB), whose electron transport chain to the molecular oxygen includes a cytochrome c domain [37] . Interestingly, unlike other studies, the hydroxylase in the strain PA18 cell extract that can convert PA to 6HPA uses PMS as an electron acceptor.
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As shown in Figure 6A , a new absorption peak at 310 nm appeared, the intensity of which increased significantly, when PMS acted as an electron acceptor. This corresponded to the absorption maximum of the product 6HPA. However, no 6HPA was produced without the electron acceptor or when the electron acceptor was MB or DCIP (data not shown). These results indicate that the cell extract was able to convert PA into 6HPA, with PMS as the electron acceptor. The Km of the crude enzyme for PA at pH 7.0 and 30°C was 68.86 ± 14.85 μM, and the specific activity was 154.17 U/mg. To verify the quantitative relationship between the PA and PMS, the amount of PA was changed continuously from 0.0 to 0.5 mM, whereas that of PMS was maintained at a constant of 0.1 mM, as shown in Figure 6B . The amount of product 6HPA increased with the concentration of PA, and the PA:6HPA ratio was 1:1. Subsequently, the amount of 6HPA formed did not change, even when the substrate (PA) concentration was increased, indicating that the optimal molar ratio of PA:PMS was 1:1. The hydroxylases of aromatic or N-heterocyclic aromatic compounds that incorporate oxygen into the product are Rieske non-heme iron aromatic ring-hydroxylating oxygenase or cytochrome P450s [29, 36] . In strain Pseudomonas putida KT2440, the nicotinic acid can be converted to 6-hydroxynicotinic acid by a two-component hydroxylase (NicAB), whose electron transport chain to the molecular oxygen includes a cytochrome c domain [37] . Interestingly, unlike other studies, the hydroxylase in the strain PA18 cell extract that can convert PA to 6HPA uses PMS as an electron acceptor. Relationship between PA and 6HPA while the concentration of PMS was constant. PA concentration was increased from 0.00 to 0.50 mM whereas the phenazine methosulfate (PMS), concentration was constant at 0.10 mM. The data were calculated from three independent replicates, and error bars indicate standard deviations. Relationship between PA and 6HPA while the concentration of PMS was constant. PA concentration was increased from 0.00 to 0.50 mM whereas the phenazine methosulfate (PMS), concentration was constant at 0.10 mM. The data were calculated from three independent replicates, and error bars indicate standard deviations.
Conclusions
In this study, a novel bacterial species, Rhodococcus sp. PA18, was isolated and demonstrated to possess an outstanding PA biodegradation efficiency, even at a low initial inoculum size. This strain completely degraded 100 mg/L PA within 24 h after prior induction. UV-VIS spectroscopy, HPLC, and LC/TOF-MS were used to deduce the biodegradation pathway, and 6HPA was identified as one intermediate. Furthermore, in the crude enzymology experiment, the optimal molar ratio between PA and PMS was 1:1. In addition, the quantitative relationship between the substrate (PA) and the product (6HPA) was 1:1. This is the first study to identify the PA-degrading ability of Rhodococcus. Further studies are required in order to reveal the biochemical process and mechanisms involved in the associated biodegradation pathway.
